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Biological Background. Two-component systems and phosphorelays. In
two-component signaling (TCS), a sensor histidine kinase (SK)
and a response regulator/transcription factor protein (RR) con-
nect an input signal to an appropriate response via a transphos-
phorylation reaction between the two proteins (1). In this
reaction a phosphoryl group is transferred from a histidine on
the SK to an aspartate residue on the RR. This results in
activation of the transcription factor activity of the latter. A
signal serves to modulate the autokinase activity of the SK and
thereby controls the flux of phosphoryl groups through the
system (2). Autokinase activity of the SK is mediated by two
domains, a dimeric four-helix bundle domain termed HisKA,
which contains the phosphorylatable histidine residue as well as
an ATP-binding ATPase domain.

A more extensive version of this signal transduction pathway
is the phosphorelay. In these systems, phosphoryl group flux
between the input SK and the terminal RR is mediated via
additional proteins, whose sole apparent purpose it is to hand the
phosphoryl group from one to the next protein following a
His-Asp-His-Asp cascade (1). A common misperception (recent,
e.g., ref. 3) in the two-component system field is that all
phosphorelays are structurally identical. Instead, two structur-
ally distinct versions of the phosphorelay have been described
(Fig. S1).

The more common one is not only found in bacteria but also
in some eukaryotes and involves a SK, a central single domain
RR, an Hpt phosphotransferase domain and finally the RR/
transcription factor protein (4). The Hpt domain is structurally
distinct from the HisKA domain, forming a monomeric four-
helix bundle. A similar domain is also used in the chemotaxis-
signaling pathway, which features the atypical five-domain his-
tidine kinase CheA (5).

A second version of the phosphorelay also utilizes the SK and
two RR proteins. Instead of an Hpt domain however, the second
his-containing protein is a structural homologue of the SK but
having lost the ability to bind ATP and autophosphorylate (6, 7).
In principal, one can think of this type of phosphorelay as two
TCS positioned in tandem, with the second kinase having lost its
autophosphorylation ability and having adopted a phosphotrans-
ferase role. Such a system is exemplified by the sporulation
phosphorelay (8). Here, five individual kinases termed KinA-
KinE are known to phosphorylate the single domain RR Spo0F,
which passes the phosphoryl group to SpoOB and finally to
Spo0A, the terminal transcription factor/response regulator,
which initiates sporulation (9, 10).

Structural Similarities and Differences between SpoOB and Sensor
Histidine Kinases. The Spo0B phosphotransfer protein in the
sporulation pathway shares a likely common evolutionary origin
with the typical SK (11). As such it features a central four-helix
bundle (the HisKA equivalent domain), which contains the
phosphorylatable histidine (12). As in the SK, the four-helix
bundle is formed by two individual polypetide chains, each
monomer contributing two helices. A rudimentary ATPase
domain underscores the common evolutionary origin with true
SK proteins, despite Spo0B having lost the ability to bind ATP
and autophosphorylate the histidine on the four-helix bundle (7,
11) (Fig. S1). The similarities have contributed to the consider-
ation of Spo0B in complex with the RR SpoOF as an adequate
and to date only model structure for the SK/RR complex (11).
This structure has since been used extensively as a reference for
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interpretation of experimental as well as computational results,
aimed at identifying surface residues as well as residues involved
in interaction specificity of two-component systems proteins
(13-17).

Structures of the typical TM0853 SK from Thermotoga mari-
tima (the best available X-ray diffraction SK structure) and
Spo0B have been superficially compared (18). A detailed struc-
tural comparison to support the notion of Spo0B/SpoOF as good
albeit not ideal structural model for SK/RR interaction will
follow below.

The dimeric four-helix bundle of SK proteins and SpoOB
feature two pairs of helical interfaces. These are an intramolec-
ular interface pair formed between the two helices on each
monomer (i.e., al with a2 and «al’ with ¢2') and an intermo-
lecular interface pair formed between one helix from each
monomer within the dimer (i.e., «l with a2’ and al’ with «2).
When overlaying the catalytic histidine residue along with
surrounding residues on helix «l, structural similarities and
differences between the SpoOB four-helix bundle and the
TMO0853 four helix-bundle become immediately apparent (Fig.
S2A4). Whereas the two proteins retain the same intermolecular
orientation between «l and o2 (and o2 with «1’), the intramo-
lecular orientation between a1 and o2 (and a1’ with «2°) differs
substantially (Fig. S2B). In Spo0B, helix o2 does not contact the
bound SpoOF RR in the existing cocrystal structure and most
primary contacts are made through helix «l. For this reason,
structural alignment of a2 of Spo0B with &2 of TMO0853 is not
possible. Our direct coupling analysis (DCA) performed on
SK/RR interaction partners identified 5 contact positions in SK
helix al and 3 in helix a2, all connecting to five residue positions
in the RR al-helix (15). These contacts were the input for our
docking simulations described in the main text. The identified a2
contacts had to be ignored for the above structural reason when
assembling the Spo0OB/SpoOF structure.

To form an active site as a requirement for phosphoryl group
transfer, the orientation between a1 of a true SK with a1 of the
RR has to remain conserved with respect to what can be
observed in the Spo0B/Spo0F cocrystal structure. The different
orientation of helix a2 in the SK results in possible additional
contacts with RR helix a1, consistent with our direct coupling
analysis and existing experimental results (15, 17, 19). For this
reason, contacts in both helices were used for docking simula-
tions of SK TMO0853 with its RR TM0468.

Perhaps more interesting than the described dissimilarity is the
structural similarity of the intermolecular surface formed be-
tween al and a2’ and a1’ with 2. In the Spo0B/SpoOF cocrystal
structure contacts are made with this interface that were implied
in sealing of the phosphotransfer active site from solvent access
(6,7,11). In particular contacts between Spo0B residues K63 and
K67 in helix a2 and SpoOF residue Y84 in the (34-a4)-loop have
been experimentally validated to be important (19) (Fig. S2C).
The observed structural conservation of this interface between
Spo0B and SK TMO0853 implies that true SK proteins interact
with their paired RR in a similar manner. If this were true, one
would have expected that our DCA would find some highly
correlated residues at this interface, which is not the case. DCA
does not pick up conserved residues, but the residues of interest
are variable. Another possibility is that the contacts in this region
of the protein can be made in a number of different ways, i.e.,
they differ from SK/RR pair to another SK/RR pair. This would
result in dilution of the correlation signal. Consistent with this
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notion, the (B4-a4)-loop/helix a4 region of RR, involved in these
contacts, is known to be highly dynamic (4, 13, 20).

In summary, structural analysis of Spo0OB in comparison with
SK TMO0853 revealed that the SpoOB/SpoOF structure is indeed
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an adequate model structure for SK/RR interaction. The im-
portant differences are found in contacts made between helix o2
with the RR, which are not realized in Spo0OB and could hence
were not forthcoming from this structure.
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Fig.51. Two-componentsystems and phosphorelays. (A) Two-componentsignal transduction systems feature a sensor kinase and a response regulator protein.
A signal is sensed by sensor domain (light blue) resulting in phosphorylation of the HisKA four-helix bundle domain (blue) via the catalytic ATPase domain
(yellow). An output is created by the effector domain, usually a DNA-binding domain (green), which is regulated by the receiver domain Rec (red). The message
between the two proteins is passed by transfer of a phosphoryl group between a histidine on the HisKA domain and an aspartate residue on the Rec domain.
An extended version of the two-component system is the so-called phosphorelay, using two additional phosphotransfer proteins. Two structurally distinct version
of the phosphorelay have been described. The sporulation phosphorelay features a central Rec protein SpoOF and a SK analogous protein Spo0OB, which does
not possess the ability to autophosphorylate. The Hpt phosphorelay features a structurally distinct Hpt domain protein, instead of a second SK-like protein. (B)
Structural comparison of the SK TM0853 with Spo0OB and an Hpt protein. Whereas the Hpt domain is a monomeric single domain protein, both SK and Spo0B
share a two-domain dimeric architecture, demonstrating Spo0OB’s evolutionary relationship to SK proteins, rather than to Hpt domains. (C) Comparison of the
C-terminal ATPase domain of SK and SpoOB demonstrates the similarity in structure, despite the SpoOB domain having lost the ability to bind ATP and
autophosphorylate the Spo0OB four-helix bundle histidine residue.
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Fig.S2. Structural differences and similarities between the HisKA and Spo0B four-helix bundle domains. (A) Comparison between the four-helix bundle domain
of SKTM0853 (blue) and Spo0B (white) reveals that the helical orientation between a1in one monomer and a2’ in the other monomer remains unchanged, where
as the orientation of a1 to a2 changes substantially (28° angle). (B) This becomes more evident when overlaying the different two-helices elements individually.
(C) Overlaying the Spo0B/SpoOF cocrystal structure (white) with TM0853, it becomes apparent that the different orientation of the a2 helix in respect to a1
suggests that SK TM0853 might contact its response regulator with both helices (green box). In the Spo0B/SpoOF cocrystal structure a functionally important
contact is made between the a2’ helix of Spo0B with SpoOF residue Y84 in the (B4-a4)-loop region (yellow box). The similarity in orientation of a2’ in the SK
structure suggest that similar contacts should be made with its RR in the complex. The phosphotransfer residues Spo0B H30 and SpoOF D54 are depicted in red
for orientation.
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Fig.$3. Overlay of the predicted TM0853/TM0468 complex and the crystal structure. While in review the X-ray diffraction structure of the SK/RR was published.
(A) The experimental (white) and predicted (blue) structures overlay to an RMSD of 3.3 A. (B) The (1-2)-loop region of unbound SK structure (green), which was
also the starting point for our simulations undergoes some conformational changes upon RR binding (white), that were almost perfectly captured in the
predicted structural model (blue), demonstrating the power of our approach.
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Movie S1. An exemplary structure-based simulation docks SpoOB (blue, mobile C-terminal region transparent) and SpoOF (white). His-30 and Asp-54, the
phosphoryl transferring groups, are highlighted in red. The DCA predicts contacts between 6 amino acid pairs (yellow). When either the His-Asp contact or the
DCA contacts are formed during the simulation, they are highlighted as solid sticks.

Movie S1 (WMV)
Other Supporting Information Files

Dataset S1
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